Although the rate of development of drug resistance remains very high, 5-fluorouracil (5-Fu) is still the most common chemotherapeutic drug used for the treatment of colon cancer. A better understanding of the mechanism of why cancers develop resistance to 5-Fu could improve its therapeutic effect. Sometimes, antioxidants are used simultaneously with 5-Fu treatment. However, a recent clinical trial showed no advantage or even a harmful effect of combining antioxidants with 5-Fu compared with administration of 5-Fu alone. The mechanism explaining this phenomenon is still poorly understood. In this study, we show that 5-Fu can induce reactive oxygen species-dependent Src activation in colon cancer cells. Mouse embryonic fibroblasts that are deficient in Src showed a clear resistance to 5-Fu, and knocking down Src protein expression in colon cancer cells also decreased 5-Fu-induced apoptosis. We found that Src could interact with and phosphorylate caspase-7 at multiple tyrosine sites. Functionally, the tyrosine phosphorylation of caspase-7 increases its activity, thereby enhancing cellular apoptosis. When using 5-Fu and antioxidants together, Src activation was blocked, resulting in decreased 5-Fu-induced apoptosis. Our results provide a novel explanation as to why 5-Fu is not effective in combination with some antioxidants in colon cancer patients, which is important for clinical chemotherapy.
103 170 new cases of colon cancer were diagnosed and 51 690 deaths occurred from colorectal cancer in the United States. 1 Although the rate of drug resistance remains very high, 5-fluorouracil (5-Fu) is still the most common and widely used chemotherapeutic drug for the treatment of colon cancer. A better understanding of the mechanism of the development of resistance to 5-Fu could improve its therapeutic effect.
Antioxidants are widely used as dietary supplements and have been investigated for their effectiveness in prevention of diseases such as cancer and coronary heart disease. However, recent research findings suggested that antioxidants may not be beneficial or might even adversely affect cancer prevention and treatment. [2] [3] [4] We hypothesized that this effect might be due to their efficiency at decreasing the levels of reactive oxygen species (ROS) and thus inhibiting ROS-induced apoptosis. Besides being used for cancer prevention, supplemental antioxidants have usually been prescribed to cancer patients either by clinicians or the patients themselves. However, whether this type of supplementation is beneficial or harmful is uncertain. In addition, the mechanism as to how ROS can induce cellular apoptosis is not fully understood.
Src is known to be overexpressed in more than 80% of colon cancers 5 and is closely associated with cancer cell proliferation, survival, angiogenesis, adhesion and metastasis. [6] [7] [8] However, the relationship between Src and apoptosis is controversial. Src has been reported to inhibit apoptosis by activating the phosphatidylinositol 3-kinase/Akt pathway, which protects cells against pro-apoptotic stimuli through the phosphorylation and inactivation of death accelerators, such as Bad, Bax and caspase-9.
9-11 Src could downregulate caspase-8 activity either directly 12 or through activation of the p38-mitogen-activated protein kinase pathway. 13 In addition, Src could downregulate pro-apoptotic genes to reduce apoptosis. 14, 15 On the other hand, Src has also been reported to enhance apoptosis induced by different pro-apoptotic stimuli, [16] [17] [18] and this effect is triggered specifically at high Src signaling levels. 19 In the present study, we show that antioxidants decrease apoptosis induced by 5-Fu in colon cancer by blocking ROSdependent Src activation. Cells expressing low levels of Src were more resistant to 5-Fu. Src could bind and phosphorylate caspase-7 at multiple tyrosine residues, resulting in an enhancement of caspase-7 activity and increased cellular apoptosis. Our results indicate a specific role of Src in 5-Fuinduced colon cancer apoptosis and highlight the incompatibility of combining antioxidants with 5-Fu.
Results
Antioxidants decrease the apoptotic effects of 5-Fu in colon cancer cells. First, we determined whether combining antioxidants with 5-Fu would affect apoptosis in colon cancer cells. and SW480 cells were treated as in a and harvested. Total and cleaved PARP, caspase-7 and caspase-3 were detected by western blot analysis using specific antibodies. Data shown are representative of results from triplicate independent experiments. (c) HT29 cells were pretreated with VC (50 mg/ml) or GSH (40 mM) for 2 h and then 5-Fu (50 mM) was added to the mixture and cells were incubated for an additional 48 h. Apoptosis was measured by flow cytometry and data are shown as means ± S.D. of triplicate measurements. The asterisks indicate a significant decrease in apoptosis in cells treated with VC or GSH (***Po0.001) intracellular ROS. However, today's most effective nonsurgical therapeutic approaches to induce apoptosis occur through the generation of ROS. 20 ROS reportedly induce dramatic Src activation. [21] [22] [23] We treated HT29 and SW480 cells with various doses of hydrogen peroxide (H 2 O 2 ) for 30 min. The level of Prx-SO 3 was determined using a specific antibody to serve as a marker of intracellular ROS level. [24] [25] [26] Phosphorylated Src (Tyr416) was examined as an indication of Src activity. We found that treatment with H 2 O 2 convincingly increased Src activity with generation of ROS in two cell lines (Figure 2a) . We then assessed Src activity with 5-Fu treatment in these two cell lines. HT29 and SW480 cells were treated with 50 mM 5-Fu for various times. 5-Fu treatment induced Src activation in a time-dependent manner with ROS generation in both cell lines (Figure 2b) . A dosedependent increase of intracellular ROS was observed after 5-Fu treatment using the method described in Materials and Methods ( Figure 2c) . Next, we found that treatment with 5-Fu Src phosphorylates caspase-7 in vitro and interacts with caspase-7 in cells. From the above results, we observed that the decreased Fu-induced apoptosis in cells deficient in Src was accompanied by decreased effector caspase activities. Thus, Src might directly modulate caspase-3 and -7 activities. Caspase-3 and -7 proteins were prepared as described in Materials and Methods and then an in vitro kinase assay was performed in the presence of [g-32 P] ATP. The data indicated that Src could phosphorylate caspase-7 in vitro but could only weakly phosphorylate caspase-3 ( Figure 4a ). Because Src is a known tyrosine kinase, we performed an in vitro kinase assay with Src and caspase-7 and detected phosphorylated tyrosines by western blotting. The results confirmed that Src could phosphorylate caspase-7 at tyrosine residues ( Figure 4b ). We next determined whether Src could directly bind with caspase-7 and caspase-3 in SW480 and HT29 cells. Cells were harvested and disrupted and caspase-3/7 was immunoprecipitated with anti-caspase-3/7 followed by detection of Src with anti-Src. The results indicated that Src could bind with caspase-7 but not with caspase-3 in cells (Figure 4c ). To determine whether Src and caspase-7 could co-localize in cells, an immunofluorescence analysis was performed. The results showed that Src was localized in both the cytoplasm and nucleus and caspase-7 was localized mainly in the nucleus under normal conditions. However, after stimulation with 5-Fu, they colocalized in the nucleus (Figure 4d ). To examine the role of caspase-7 in 5-Fu-induced apoptosis, caspase-7 knockout MEFs were treated with 5-Fu. Flow cytometry results (Supplementary Figure 1A) showed a dramatically decreased rate of apoptosis in caspase-7 knockout cells compared with wild-type MEFs. Western blotting results (Supplementary Figure 1B) showed decreased levels of cleaved PARP and cleaved caspase-3 in caspase-7 knockout cells. These data provide strong evidence showing that caspase-7 is important for 5-Fu-induced apoptosis, for which caspase-3 cannot be a substitute. Overall, results indicate that caspase-7, but not caspase-3, could be a key downstream partner of Src in the regulation of cellular apoptosis.
Src phosphorylates caspase-7 at multiple tyrosine sites. After confirming that Src can phosphorylate caspase-7, the next step was to identify the site(s) of caspase-7 that can be phosphorylated by Src. The potential tyrosine phosphorylation sites were predicted by the NetPhos 2.0 software program as previously described 27 ( Figure 5a ). Nine peptides were designed and synthesized commercially (PEPTIDE 2.0, Houston, TX, USA). The peptide array results indicated that Tyr58, Tyr151, Tyr229 and Tyr230 of caspase-7 are likely to be the most important sites to be phosphorylated by Src (Figure 5b ). When all four sites were mutated to phenylalanine, the in vitro kinase assay results showed that phosphorylation of the Mut-caspase-7 protein by Src decreased dramatically compared with Wt-caspase-7, suggesting that these four sites, Tyr58, Tyr151, Tyr229 and Tyr230, are the most important sites of caspase-7 to be phosphorylated by Src (Figure 5c ).
Src enhances caspase-7 activity in vitro and in cells. To determine whether caspase-7 activity can be influenced by Src phosphorylation, an in vitro kinase assay was performed using Src and Wt-caspase-7 or Mut-caspase-7. Caspase-7 activity was detected at different time points. Caspase-9 is known to be the upstream activator of effector caspases in the intrinsic apoptosis pathway. The presence of caspase-9 protein activated caspase-7 to a higher level than in its absence. Our results showed that Wt-caspase-7 was first phosphorylated by Src, and then adding caspase-9 dramatically increased caspase-7 activity (Figure 6a , left panel, Supplementary Figure 2) . In contrast, Mut-caspase-7 activity was relatively unaffected in the presence of Src and caspase-9 treatment (Figure 6a , right panel). 293T cells transfected with Wt-myc-caspase-7 exhibited increased caspase-7 activity, whereas little change in caspase-7 activity was observed in cells transfected with Mut-myccaspase-7 ( Figure 6b ). Cells co-transfected with Src and Wtcaspase-7 exhibited a 1.5-fold increase in caspase-7 activity compared with Wt-caspase-7 alone. In contrast, no change in caspase-7 activity was observed in cells co-transfected with Src and Mut-caspase-7 compared with cells transfected with only Mut-caspase-7 (Figure 6c) . Overall, these results indicated that Src might regulate apoptosis by enhancing caspase-7 activity through phosphorylation.
Discussion
ROS have important roles in cell signaling and are essential for various physical and pathological processes in normal cells. ROS were reported to directly cause somatic cell mutagenesis and thereby promote cancer. 28 Thus, ROS are often considered oncogenic and life threatening. Ironically, ROS production is a common characteristic of all non-surgical therapeutic approaches, including chemotherapy and radiotherapy, against various cancers because of their ability to trigger cancer cell death. 20 This suggests that ROS may have different roles in various stages of cancer. Watson 29 Antioxidants
suggested that cancer cells that are mainly driven by Ras and Myc are among the most difficult to treat, which might be due to high levels of ROS-destroying antioxidants.
Here we showed that 5-Fu could also induce ROS in colon cancer cells (Figure 2 ). We found that combining antioxidants with 5-Fu treatment decreased colon cancer cell apoptosis Total and cleaved PARP, caspase-7 and caspase-3 were detected by western blot analysis using specific antibodies. Data shown are representative of results from triplicate independent experiments. (e) Caspase-3/7 activity is decreased in cells expressing low levels of Src compared with cells expressing normal levels of Src after 5-Fu treatment. 5-Fu (50 mM) was used to simulate cells. After 12 or 48 h, cells were harvested, and caspase-3/7 activity was detected as described in 'Materials and Methods'. Data are shown as means±S.D. of triplicate measurements. The asterisks indicate significantly lower caspase 3/7 activity (**Po0.01, ***Po0.001) compared with treatment with only 5-Fu (Figure 1 ). This suggests that when using 5-Fu to kill colon cancer cells, using antioxidants simultaneously or before 5-Fu treatment will decrease its effectiveness. Combining antioxidants with 5-Fu treatment in colon cancer patients might be linked to the observed high 5-Fu drug resistance.
The important role of Src family kinases in cancer cell survival, proliferation, adhesion, angiogenesis and metastasis has been well established. Here we found that 5-Fu can induce ROS-dependent Src activation in colon cancer cells (Figure 2 ). To further evaluate the role of Src in 5-Fu-induced apoptosis, we used Src knockout MEFs and Src knockdown human colon cancer cells to evaluate the effects of 5-Fu on apoptosis. Our results show that cells expressing low levels of Src are more resistant to 5-Fu treatment (Figure 3) . These results suggest that Src might be a target of 5-Fu in colon cancer treatment. Clinical findings indicated that Src activity is highest in moderate to well-differentiated colonic lesions, whereas poorly differentiated carcinomas display Src kinase activity similar to normal colonic mucosa. 30 This phenomenon supports our results because almost every patient who was diagnosed with colon cancer receives 5-Fu in the primary Failure of apoptosis is a main contributor to tumor development and drug resistance. Caspases, a family of cysteine proteases, are central components of cellular apoptosis. 31, 32 The two types of apoptotic caspases include initiator (apical) caspases and effector (executioner) caspases. Initiator caspases (e.g., caspase-2, caspase-8, caspase-9 and caspase-10) cleave the inactive pro-forms of the effector caspases, thereby activating them. Effector caspases (e.g., caspase-3, caspase-6, caspase-7) in turn cleave other protein substrates within the cell, to trigger the apoptotic process. Regulating caspase activity is an important means by which cellular apoptosis and chemotherapy resistance are regulated. 33, 34 Phosphorylation is an important post-transcriptional modification for various cellular proteins. Phosphoryaltion of caspases by protein kinases has been widely studied. For example, caspase-9 phosphorylation by different kinases has been reported. Interestingly, tyrosine phosphorylation can increase caspase-9 activity, whereas phosphorylation of various serine or threonine sites can decrease caspase-9 activity. 35 The phosphorylation of caspase-8 and -3 has also been reported. 12, 13 However, the modification and regulation of caspase-7 remains poorly understood. The function of caspase-7 was long assumed to be redundant with the function of caspase-3 because of their similar structure and common protein substrates. In our previous study, we found that phosphorylation of caspase-7 is important in chemotherapeutic drug-induced apoptosis of breast cancer cells. 27 Interestingly, PAK2 is a serine/threonine kinase, which decreases caspase-7 activity by phosphorylation. In the present study, we showed that the Src tyrosine kinase can directly phosphorylate and interact with caspase-7 (Figure 4) , resulting in increased caspase-7 activity (Figure 6 ). Our finding is similar to the story of caspase-9 phosphorylation. 35 Apparently, the effect of tyrosine phosphorylation is opposite to the effect of serine/threonine phosphorylation of caspase family members. We also showed that caspase-7 is important for 5-Fu induction of apoptosis independent of caspase-3 (Supplementary Figure 1) . The relation between Src and caspase-7 might explain why cells with low levels of Src are more resistant to 5-Fu-induced apoptosis (Figure 3) . Importantly, antioxidants, such as NAC or catalase, decrease the apoptotic effect induced by 5-Fu in colon cancer cells by regulating Src-dependent caspase-7 phosphorylation. Taken together, our results highlight the role of Src in 5-Fu-induced apoptosis and provide a novel explanation as to why 5-Fu is not effective in combination with some antioxidants in colon cancer patients, which is important for clinical chemotherapy.
Materials and Methods
Reagents and antibodies. 5-Fluorouracil (5-Fu), NAC, catalase and VC were purchased from Sigma-Aldrich (St. Louis, MO, USA). GSH was purchased from Caymen Chemical (Ann Arbor, MI, USA). Antibodies to detect total Src, phosphorylated Src (Tyr416), cleaved caspase-7 (Asp198), caspase-3, PARP and phosphorylated tyrosines were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The antibody to detect total caspase-7 was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-peroxiredoxin-SO 3 (Prx-SO 3 ) was from Abcam Inc. (Cambridge, MA, USA). The small hairpin RNA constructs against Src (number 1 sense sequence, 5 0 -GCTCGGCTCATTGAA-GACAAT-3 0 ; number 2 sense sequence, 5 0 -GACAGACCTGTCCTTCAAGAA-3 0 ) used in this study were from the BioMedical Genomics Center at the University of Minnesota. The Src active kinase was purchased from Millipore Corp. (Billerica, MA, USA).
Cell culture and transfection. SW480 human colon cancer cells, HEK293T cells, wild-type and Src knockout mouse embryonic fibroblasts (MEFs) and wild-type and caspase-7 knockout MEFs were cultivated in DMEM supplemented with 10% fetal bovine serum. HT29 human colon cancer cells were maintained in McCoy's 5A medium (modified) supplemented with 10% fetal bovine serum. All cells used in these studies were maintained with antibiotics at 37 1C in a 5% CO 2 humidified incubator. For transfection experiments, the jet-PEI (Qbiogen, Inc., Carlsbad, CA, USA) reagent was used according to the manufacturer's instructions. Western blot analysis. Cellular proteins were extracted using radioimmune precipitation assay lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and protease inhibitor mixture), separated by SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes (Amersham Biosciences, Piscataway, NJ, USA). The membranes were incubated with an appropriate specific primary antibody and a horseradish peroxidase-conjugated secondary antibody. Protein bands were visualized using an enhanced chemiluminescence reagent and exposed using the ImageQuant LAS4000 system (GE, Piscataway, NJ, USA)
Plasmid preparation and purification of caspase proteins. The human caspase-3 and caspase-7 plasmids were purchased from Addgene (Cambridge, MA, USA) and subcloned into the pCMV-Myc vector for transfection and into the pET-46 Ek/LIC vector for protein purification. Human pET-23b-Hiscaspase-9 was purchased from Addgene. Mutant caspase-7 was constructed using pCMV-Myc-caspase-7 and pET-46 Ek/LIC-caspase-7 with four mutated sites (Y58F, Y151F, Y229F, Y230F) and the QuikChange Mutagenesis kit (Stratagene, Inc., La Jolla, CA, USA). The mutant plasmid was sent to Genewiz, Inc. for DNA sequencing. His-wild-type caspase-7 (Wt-caspase-7) and His-mutant caspase-7 (Mut-caspase-7) proteins were induced in Escherichia coli Rosetta (DE3) at 25 1C for 4 h by the addition of 0.5 mM isopropyl 1-thio-b-D-galactopyranoside (IPTG). His-wild-type caspase-3 (Wt-caspase-3) was induced in E. coli BL21 bacteria at 25 1C for 4 h by the addition of 0.5 mM IPTG. His-wild-type caspase-9 (Wt-caspase-9) was induced in E. coli BL21 bacteria at 30 1C for 1 h by the addition of 0.5 mM IPTG. All proteins were purified using nickel-nitrilotriacetic acidagarose (Qiagen, Inc., Valencia, CA, USA) and eluted with 200 mM imidazole.
In vitro kinase assay. Purified Wt-caspase-7, Mut-caspase-7, Wt-caspase-3 and caspase-7 peptides were incubated with active Src (Upstate Biotechnology, Inc., Boston, MA, USA) and 1 mCi of [g-32 P] ATP, 100 mM unlabeled ATP and kinase buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 1 mM EDTA, 1 mM DTT and 0.01% Brij 35; Cell Signaling Technology, Inc.). Each reaction was incubated in a 32 1C water bath for 40 min and the reaction was stopped by adding 6 Â SDS loading buffer. The proteins were resolved by SDS-PAGE, and visualized by autoradiography.
Caspase-7 activity assay. To detect caspase-7 activity, an in vitro kinase assay was conducted using Wt-or Mut-caspase-7 proteins (0.8 mg each) incubated with active Src. Then caspase-7 activity was detected using the Caspase-3 Colorimetric Assay kit (Millipore Corp., Temecula, CA, USA) because Figure 6 Src enhances caspase-7 activity in vitro and in cells. (a) Phosphorylation of caspase-7 by Src increases caspase-7 activity. An in vitro kinase assay was performed using Src and a Wt-caspase-7 (0.8 mg) or Mut-caspase-7 (0.8 mg) protein. The reaction was then incubated with Wt-caspase-9 for 1 h at 32 1C and caspase-7 activity was detected at various time points as described in 'Materials and Methods'. Data are shown as means±S.D. from triplicate experiments. The asterisks indicate a significant enhancement in caspase-7 activity (**Po0.01, ***Po0.001). (b) 293T cells were transiently transfected with HA-mock, Wt-myc-caspase-7 or Mut-myc-caspase-7 and at 24 h after transfection, cells were harvested. The level of Myc was detected by western blotting and caspase-7 activity was detected at various time points. Data are shown as means ± S.D. from triplicate experiments. The asterisks indicate a significant enhancement in caspase-7 activity (**Po0.01, ***Po0.001). (c) 293T cells were transiently co-transfected with HA-mock/His-Src and Wt-myc-caspase-7/Mut-myc-caspase-7 and at 24 h after transfection, cells were harvested. His and Myc were detected by western blot using specific antibodies. Caspase-7 activity is shown as means ± S.D. from triplicate experiments. The asterisks indicate a significant enhancement in caspase-7 activity (**Po0.01) caspase-3 and caspase-7 have the same substrate. For detecting caspase-7 activity in cells, whole-cell lysates were harvested and 200 mg of protein were used to detect caspase-7 activity according to the manufacturer's instructions.
Flow cytometry analysis. 5-Fu-induced cellular apoptosis was determined using the Annexin V-FITC apoptosis detection kit (MBL International Corp., Woburn, MA, USA) following the manufacturer's suggested protocols. After treatment for different times and with various doses of 5-Fu, cells were harvested, washed with phosphate-buffered saline (PBS) and then incubated for 15 min at room temperature with Annexin V-FITC plus propidium iodide. Apoptosis was analyzed by a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA).
Oxidative stress detection. After treatment with 5-Fu, CellROX Green Reagent (Invitrogen, Grand Island, NY, USA) was added to cells to a final concentration of 2.5 mM and incubated at 37 1C in a 5% CO 2 humidified incubator for 30 min. Then cells were harvested and analyzed on a FACS Calibur flow cytometer, placing the CellROX Green Reagent signal in FL1. Intact cells were gated in the FSC/SSC plot to exclude small debris. The resulting FL1 data were plotted on a histogram.
Endogenous immunoprecipitation. HT29 and SW480 total cell lysates (1 mg) were immunoprecipitated with a total capase-3 or caspase-7 antibody, and the immunoprecipitated complex was probed to detect Src.
Confocal laser scanning fluorescence microscopy. SW480 cells (1 Â 10 5 ) were seeded in a four-chamber polystyrene vessel tissue culture glass slide (BD Biosciences) and were treated or not treated with 50 mM 5-Fu for 48 h in a 371C incubator. Cells were fixed with 4% formalin for 15 min at room temperature in the dark. After gentle washing twice for 10 min each with PBS, cells were blocked with PBS, 0.02% Tween-20 and 1% BSA in a 37 1C incubator for 1 h. Cells were then incubated with a 1 : 100 dilution of a Src rabbit antibody and a 1 : 50 dilution of a caspase-7 mouse antibody in PBS and 3% BSA by gently rocking at 4 1C overnight. After washing twice for 5 min each, cells were incubated with a 1 : 200 dilution of Alexa Fluor 488 goat anti-rabbit antibody and Alexa Fluor 568 goat anti-mouse antibody (Invitrogen) for 1 h in the dark. Co-localization of proteins was observed by laser scanning confocal microscopy (Nikon C1   s1 Confocal Spectral Imaging System, Nikon Instruments Co., Melville, NY, USA) using a CFI Plan Fluor Â 40 oil objective and then analyzed using the EZ-C1 (v3.20) software program (Nikon).
Statistical analysis. All quantitative data are presented as mean values ± standard deviations as indicated. Statistically significant differences were determined using the Student's t-test. A P value of less than 0.05 was considered statistically significant.
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